The self-magnetic-pinch diode is being developed as an intense electron beam source for pulsed-power driven x-ray radiography. In high-power operation, the beam quickly heats the anode, generating a surface plasma. Positive ions drawn from this plasma counter stream with the beam electrons toward the cathode. Although the counterstreaming currents are expected to reach an equilibrium, measurements have shown that the diode impedance steadily falls after peak power is reached. A recent publication described two possible causes of this impedance behavior: anode plasma expansion into the anode-cathode (A-K) gap and increased ion space-charge near the cathode sur face [Phys. Rev. ST Accel. Beams 14, 024401 (2011)]. These effects were illustrated using 2D simulations which included the creation and evolution of anode surface plasmas. Here, we report on a follow-on study which determines the impact of 3D effects on plasma expansion. Results show that while azimuthal asym metries arise, no instabilities are observed.
INTRODUCTION
The self-magnetic-pinch (SMP) diode [1, 2, 3, 4] is being developed as an intense electron beam source for pulsed-power-driven x-ray radiography. The diode is composed of a cylindrical cathode with a hollow tip and a planar anode, as illustrated in Fig. 1 978-1-4577-0631-8/12/$26.00 ©2011 IEEE is typically a thin foil covering a high-atomic-number material to convert the electron beam into x-rays via bremsstrahlung. The diode is initially in vacuum. As the voltage pulse arrives, high electric field stresses generate space-charge-limited (SCL) electron emission from the cathode. As the electron beam traverses the anode-cathode (A-K) gap, it pinches due to its self magnetic force, which is balanced by the force of its electric charge. 
( glrc ).
In high-power operation, the beam electrons quickly heat the anode creating a surface plasma of desorbed contaminants and foil material. Positive ions drawn from this plasma counterstream with the beam elec trons toward the cathode. The ion space-charge is essential for focusing the electron beam because it partially neutralizes the beam charge, enabling an increased pinch. The counterstreaming currents, re ferred to as bipolar flow, establish an equilibrium diode impedance that is reduced from the monopolar flow value [5] . However, measurements have shown a third stage in the diode impedance lifetime, occurring after the bipolar flow is reached, which is character ized by a falling diode impedance and a drop in the radiation output [6, 7, 4] .
An example of this falling impedance is shown in data from Sandia National Laboratories' Radio graphic Integrated Test Stand (RITS-6) pulsed-power accelerator [8] . With a 40-Sl magnetically-insulated transmission line at 10-5_ Torr vacuum, the diode nominally produces 150 kA at 7.5 MV. The time dependent impedances for the diode for different as pect ratios of A-K gap width-to-cathode radius (gjrc) are shown in Fig. 2 . The diode operates as a current limited device with the equilibrium (or critical) cur rent given by [2, 9] 
where I = 1 + eVjmec 2 is the relativistic factor and a is a scale factor used to account for the current increase due to ion space-charge. From Eq. (1) A recent publication identifies two mechanisms for this impedance loss: anode plasma expansion into the A-K gap and increased ion space-charge near the cath ode surface [10] . These mechanisms were illustrated in 2D simulations which included the creation and evo lution of anode surface plasmas. Plasma expansion occurs for all gap widths and has been previously pro posed as the impedance-loss mechanism [11, 3] . However, it was demonstrated in Ref. 10 to be the domi nant mechanism for the smaller aspect ratios. Larger gaps appear to be more susceptible to increased ion space-charge.
A follow-on study to Ref. 10 is underway to deter mine the impact of 3D effects on the diode impedance lifetime. The simulation reported here extends the 2D cylindrical (r, z ) geometry used in Ref. 10 to 3D cylin drical (r, e, z ) . Currently, only gjrc = 1.12 has been modeled. The hybrid particle-in-cell (PIC) technique described in Ref. 12 is again used. This technique is briefly described in Sec. II along with the simulation geometry. 3D results are compared to 2D in Sec. III. Conclusions are summarized in Sec. IV.
II. MODELING THE SMP DIODE
The electrode plasmas created during operation of the SMP diode may be modeled using hybrid algorithms which have been incorporated into the implicit elec tromagnetic PIC code Lsp [13] . These algorithms enable efficient, simultaneous modeling of the dense (,:S1018 cm-3) electron and ion populations associ ated with electrode surface plasmas and the lower density (rv1013 _1015 cm-3) populations occurring in bipolar flow [12] . The dense populations are modeled as inertial Eulerian fluids. As the fluid particles ac celerate above a prescribed kinetic energy threshold (200 keY is used here), they transition into a kinetic macro particle treatment. SCL electron emission [5, 14] is modeled along the cathode in the region outlined in Fig. 3 , with an elec tric field threshold of 150 kV jcm. The electron beam a) Figure 4 . The 3D simulation geometry of the SMP diode with density isosurfaces at 20 ns. a) The elec tron isosurface at 1013 cm-3 fills the hollow cathode tip and pinches at the anode shown in blue. b) The kinetic ion isosurface at 3 x 1014 cm -3 is located on the z-axis. c) The fluid ion isosurface at 5 x 1014 cm-3 lies near the anode surface.
desorbs neutrals from the anode via stimulated des orption (from high-energy electron impact) and ther mal desorption (from an increase in surface temper ature). The desorption region is also outlined in Fig. 3 . The neutrals subsequently fragment to form the plasma, which is composed of carbon or aluminum ions. These species are consistent with spectroscopy results from RITS-6 [15] . Since the anode plasma was dominantly observed expanding into the A-K gap, a cathode plasma is currently not modeled.
The 3D simulation geometry is illustrated in Fig. 4 along with density isosurfaces during the bipolar-flow stage (at 20 ns). The solid objects in Figs. 4a and 4b are cut to show the interior of the cathode tip and the volume occupied by electrons and kinetic ions (C+), respectively. The highest kinetic ion density occurs on axis. Fluid ions, shown in full 27r in Fig. 4c , reside on the anode surface at 20 ns.
III. MECHANISMS FOR DIODE IMPEDANCE LOSS
In SMP diode simulations without an electrode plasma model, the diode impedance is stable. When we allow for the creation of an anode plasma, all three stages of the impedance lifetime are observed. These are seen in the time-dependent diode impedances plotted in Fig. 5 from 2D and 3D simulations. The 2D results in Fig. 5a cover values of g / re from 1.12 to 2.08 and both C+ and AI+ plasma species. The first 7 to 9 ns of the pulse is the monopolar stage, after which the impedances drop to the bipolar equilibrium values consistent with Eq. (1). The impedance drop after this stage depends on g / re, with the most rapid drops for g / re = 1.12 and 2.08. The highest impedance stability exists in the mid-range values of g / re, consistent with Fig. 2 . with sufficient transverse momenta may exceed re be fore striking the cathode. These ions create greater space charge along the cathode's outer diameter and the electron current increases in response to this space charge. No 3D effects have been identified in this study which change this description of impedance fall. Fig  ure 6 shows the electron beam density in the x, y plane near the anode surface. While azimuthal asymmetries exist in the beam for the duration of the pulse, similar on scale to the asymmetry in Fig. 6 , they are not a result of instabilities in the diode. The mean x and y positions of the electron and ion beams are plot ted as functions of time in Fig. 7 . These beam x, y offsets, recorded in the center of the A-K gap, show no evidence of the oscillatory behavior of a hose in stability [16, 17] , but appear to result from random fluctuations. The anode plasma migrates into the the A-K gap, reducing the diode impedance in the same manner as described in Ref. 10 . Figure 8 shows r -z contours of the kinetic and fluid ion densities, and the potential integrated from Ez, 32 ns into the (on-going) 3D sim ulation. The kinetic ions are densest on axis at this time and the plasma, represented by fluid ions, has not migrated a significant distance into the gap. The potential integrated from Ez in Fig. 8 show that the plasma is at the anode potential and an effective gap width may still be determined. Figure 9 . The SMP diode impedance as a function of glrc. The "Icrit" impedance is calculated from Eq. (1) for ex = 2.2 and V = 7.5 MV. The "monopo lar" (electron current only) and "bipolar" (counter streaming electrons and ions) impedances are deter mined from 2D simulations. "Effective gap" measure ments are made after the anode plasma has extended into the A-K gap and changed the location of the po tential maximum.
IV. CONCLUSIONS
Experiments have shown that the SMP diode impedance decreases during the driving voltage pulse, with the most dramatic changes occurring at high and low values of glrc. Two mechanisms for this impedance loss are described in Ref. 10 : anode plasma expansion into the A-K gap and increased ion space charge near the cathode surface. These mechanisms were illustrated in 2D simulations which included the creation and evolution of anode surface plasmas using a hybrid, implicit PIC technique. A follow-on study is being conducted to determine the impact of 3D effects on these mechanisms, with preliminary results reported here. This study extends the 2D cylindrical (r, z ) simulation geometry used in Ref. 10 to 3D cylindrical (r, 0, z ) . A carbon anode plasma was modeled using an aspect ratio of 1.12. The impedance lifetimes are very similar in 2D and 3D for this aspect ratio. Plasma expansion into the A-K gap remains the dominant mechanism for reduc ing impedance in small-gap diodes, and the impedance is well described by Eq. (1) with an the effective gap. While azimuthal asymmetries arise in the particle den sities in the 3D simulation, no instabilities are ob served. Late-time behavior will be presented as it be comes available.
Future model improvements will include the effect of cathode plasma evolution. More detailed mea surements of the ion species present, their ionization states, relative mixtures, and spatial extents would aid in confirming whether the two mechanisms presented here are responsible for the measured time-dependent impedances .
